A marker vaccine elicits an antibody response in the host that can be distinguished from the antibody response induced by a wild-type strain. To obtain a bovine herpesvirus 1 (BHV-1) marker vaccine, we constructed a glycoprotein E (gE) deletion mutant. This was obtained by removing the complete gE coding region from the BHV-1 genome. To attenuate the gE deletion mutant further, we also introduced a small deletion in the thymidine kinase (TK) gene. We selected three mutants: the gE deletion mutant, a TK deletion mutant and a gE/TK double deletion mutant, and examined their virulence and immunogenicity in calves.
Introduction
Bovine herpesvirus 1 (BttV-1) causes diseases such as infectious bovine rhinotracheitis (IBR), infectious pustular vulvovaginitis and infectious pustular balanoposthitis (Gibbs & Rweyemamu, 1977) . The genome of BHV-I consists of a linear dsDNA molecule of about 140 kb. It is composed of a unique long (U 0 and a unique short (Us) region that is flanked by an internal and a terminal inverted repeat sequence (IR and TR respectively). The BHV-1 genome codes for approximately 70 proteins, among which are thymidine kinase (TK; Bello et al., 1987) and glycoprotein E (gE; Rijsewijk et al., 1992) .
The objective of this study was to obtain an avirulent and immunogenic BHV-1 strain suitable for use in a marker vaccine. Such a vaccine would induce an antibody response in the host that can be distinguished from the antibody response elicited by a wild-type BHV-1 strain. A suid herpesvirus type t (SHV-1) marker vaccine is successfully used in a combined vaccination and eradication programme for SHV-1 (Van Oirschot et al., 1990) . This vaccine has a deleted gE gene that serves as a marker. Similarly, we selected the homologous gE gene of BHV-1 for deletion from an immunogenic wildtype strain of BHV-1.
Glycoprotein E deletion mutants of herpes simplex virus type 1 (HSV-l) and SHV-1 are reduced in virulence (Ktidelovfi et al., 1991; Kimman et al., 1992a) . They replicate mainly in the peripheral tissues of the animal and are impaired in their ability to spread through the peripheral and central nervous system (Rajc~ini et al., 1990a, b; Kimman et al., 1992 b; Card et al., 1991) . We anticipated, therefore, that agE deletion mutant of BHV-1 might also be reduced in virulence. Because we did not know whether agE deletion mutant would be sufficiently attenuated in calves, we also constructed a mutant with a deletion in both the gE gene and TK gene. TK-negative mutants of BHV-1 and several other alphaherpesviruses grow normally in vitro, but are highly attenuated in vivo (Kit et al., 1985; Slater et al., 1993) .
In this study, we constructed gE, TK and gE/TK deletion mutants of BHV-1 and examined these mutants for virulence and immunogenicity in calves, which are the natural host of BHV-1. Our results demonstrate that deleting the gE gene resulted in an avirulent and highly immunogenic BHV-1 strain.
Methods
Viruses, cells andmedia. The Dutch BHV-1 field strain Lam was used as the parental strain for the construction of the BHV-1 deletion mutants. This strain was isolated in the Netherlands in 1974 and it has the BHV-I. 1 genotype ('IBR like'; Metzler et al., 1985) . The highly 1:. A. C. van Engelenburg and others virulent BHV-1 strain Iowa (Miller & Van Der Maaten, 1984) was used for the challenge infections. Viruses were either grown on embryonic bovine trachea (EBTr) cells or on Madin-Darby bovine kidney (MDBK) cells. For virus titrations and cotransfection experiments, EBTr cells were used and for the production of virus and in vitro growth competition experiments MDBK cells were used.
EBTr cells were grown in Earle's minimal essential medium with 10% fetal bovine serum and antibiotics (125 U penicillin, 125 lag of streptomycin, 37-5 U nystatin and 37.5 lag of kanamycin per ml). MDBK cells were grown in Earle's lactalbumin medium (Flow Laboratories) with 5% fetal bovine serum and antibiotics; no antibiotics were used for the production of virus. Cells and viruses were free of bovine viral diarrhoea virus and mycoplasma.
DNA cloning. The viral DNA that was used for cloning was isolated from virus harvested from supernatants of EBTr cells infected with the wild-type strain Lam. Virus was centrifuged through a 25 % sucrose step gradient for 2 h at 70000g (SW28 rotor; Beckman). The viral DNA was extracted from the virus pellet and was cloned into pBR322 or pUC18 according to standard procedures (Sambrook et al., 1989) . The viral DNA used for cotransfection experiments was isolated from Lam strain-infected EBTr cells by the method described by Pignatti et al. (1979) .
Generation and selection of mutant viruses. The construction of the deletion fragments used to generate BHV-1 mutants is described in Fig. 1 (gE deletion fragment) and Fig. 2 (TK deletion fragments). The deletion fragments were separated from the remainder of the vector by restriction enzyme digestions and electrophoresis through low melting point agarose (Gibco BRL). The deletion fragments were purified from the agarose by phenol extraction and ethanol precipitation. One gg of each purified DNA fragment was cotransfected with 0.1 lag DNA of the wild-type strain Lam into EBTr cells by the calcium phosphate precipitation method, as described by Graham & van der Eb (1973) . The propagated viruses were harvested by freezing and thawing the transfected cultures 48 to 72 h after transfection. The harvested virus stocks were filtered through a 0.2 lain nitrocellulose filter to obtain single virions.
Glycoprotein E-negative mutants were selected by seeding the singlevirion stocks on EBTr cells under 2 % methylcellulose. Single plaques were isolated and grown in 96-well plates, and duplicates were examined for gE expression by immunochemical staining with an antigE monoclonal antibody (MAb). TK-negative mutants were selected by seeding 10-fold dilutions of virus stocks on EBTr cells under 2% methylcellulose in the presence of 200 ~tg/ml 1-fl-oarabinofuranosylthymine (AraT; Sigma; Kit & Qavi, 1983) . Large plaques, resistant to AraT, were selected and studied further. The selected viruses were purified by three cycles of limiting dilution and their DNA was analysed by Southern blot hybridization. The deletion mutants used in the animal experiment were free of major genomic rearrangements. This was determined by comparing the HindIll/ EcoRI restriction profile of the DNA of these mutants with the profile of strain Lam.
Southern blot analysis. Viral DNA was digested with appropriate restriction endonucleases and fragments were separated on agarose gels stained with ethidium bromide according to standard procedures (Sambrook et al., 1989) . Southern blots were made using Hybond N hybridization membranes (Amersham) according to the manufacturer's instructions. Blots were prehybridized for 1 h at 42 °C in hybridization solution [50% formamide, 4 x SSPE (1 x SSPE consisted of 150 mMNaCI, 10 mM-NaH~PO 4 .H20 , 1 mM-EDTA pH 7.4) 0-5% non-fat milk powder and 1% SDS]. Probes were labelled with [~-3~P]dCTP (Amersham) using a nick translation kit (Boehringer Mannheim). Blots were hybridized overnight at 42 °C. The final washing of the blots was performed by incubation in 0.5 x SSPE and 0-1% SDS buffer at 60 °C.
A Kodak XAR-Omat fihn was exposed to the blots with an intensifying screen at -70 °C.
Animal experiments. Virulence and immunogenicity of the deletion mutants and strain Lam were examined in calves. Thirty calves were delivered by caesarian section, all within one week. The calves were randomly allotted to five groups of six calves each. Each group of calves was housed separately in isolation stables in our Institute and was fed and treated similarly. The stables had identical housing and climatic conditions. The calves were deprived of colostrum and had no BHV-l-neutralizing antibodies at the start of the experiment.
At the age of 7 weeks, calves were inoculated with the wild-type strain Lain (group 2), the gE deletion mutant (group 3), the TK deletion mutant (group 4), or the gE/TK double deletion mutant (group 5). Inoculation was done by spraying 1 ml of virus suspension (105.3 TCIDs0 per ml) into each nostril with an inoculation nozzle attached to a syringe. Calves of group 1, serving as nninoculated controls, were intranasally sprayed with culture medium. Thirty-five days after inoculation, every calf was challenged with virulent BHV-1 (strain Iowa). Calves received 1 ml of virus suspension (106.7 TCID~0 per ml) into each nostril by intranasal spray.
For each calf we determined the number of days that fever was measured, nasal lesions were observed and nasal virus shedding was detected. For 35 days after inoculation and 14 days after challenge exposure, rectal temperatures were measured daily. Fever was defned as a rectal temperature of more than 39.5 °C. For the first 14 days of each period the nasal cavities of every calf were carefully examined for the presence of lesions using a small electric hand-light and nasal swab specimens were collected daily. Virus isolation from the nasal swabs was performed as described previously (Kaashoek et al., 1994) .
The number of days that fever was measured, nasal lesions were observed and nasal virus shedding was detected were statistically evaluated by analysis of variance in which the least significant difference (L.S.D.; P = 0'05) was determined.
Results

Construction of agE deletion mutant
The gE gene of BHV-1 is located in the U s region, in a position similar to that of the gE genes of other alphaherpesviruses (Fig. 1) . The BHV-1 gE gene is flanked upstream by the gI gene (G. M. Keil, personal communication) and downstream by the BHV-1 homologue of the HSV-1 US9 gene (Rijsewijk et aI., 1993 a) .
Based on the position of the gE open reading frame, a gE deletion fragment was constructed for recombination into the genome of the wild-type strain Lam. This gE deletion fragment was composed of two DNA fragments that flank the gE coding region and that were cloned from DNA of the wild-type strain Lam (Fig. 1) . The upstream part of the gE deletion fragment was the 1.1 kb PstI-AsuII fragment that starts within the gI coding region and ends 17 bp upstream of the start codon of the gE open reading frame. The downstream part of the gE deletion fragment was the 0"9 kb EcoNIDraI fragment that starts at the stop codon of the gE open reading frame and ends in the repeat region downstream of the gE gene. To generate gE deletion mutants, we cotransfected the gE deletion fragment and DNA of the wildtype strain Lam into EBTr cells. Two hundred and thirty isolates derived from single virions were examined for their gE expression by immunochemical staining of infected cells with an antigE MAb. Five of the 230 isolates did not react. The DNA of three gE-negative isolates was studied by Southern blot analysis to verify the presence of the intended deletion at the gE locus (Fig. 3) . The absence of the wild-type PstI fragments of 1.7 and 2.4 kb and the presence of a recombined PstI fragment with the anticipated size of 2"9 kb in isolates 1B7 and 1B8 demonstrated that the intended recombination had taken place in these isolates. The wild-type PstI fragments of 1.7 and 2.4 kb were also absent from isolate 2H10. However, the recombined PstI fragment did not have the predicted size, indicating that an unintended recombination had taken place. The deletion of the gE open reading frame from the genome of the three isolates was further confirmed by a Southern blot analysis with a gEspecific probe (data not shown). We chose to use isolate 1 B7 for our animal experiments.
Construction of TK deletion mutants
The BHV-1 TK gene is located in the centre of the U L region ( Fig. 2; Bello et al., 1987) and is flanked upstream by the homologue of the HSV-1 UL24 gene (Bello et al., 1992) and downstream by the gH gene (Meyer et al., 1991) . The UL24 gene is not essential for the growth of BHV-1 in vitro (Bello et al., 1992) , although, by analogy with UE24 mutants of HSV-1, the in vitro growth of a UL24 mutant may be reduced (Jacobson et al., 1989) . After digestion of clone p006 with two suitable restriction enzymes, the fragment ends were made blunt by a T4 polymerase reaction in the presence of all four deoxynucleotides. The blunted ends of clone p006 were ligated and the ligation products were transferred to Escherichia coli. Clone p013 contains a 290 bp AflII-BglII deletion (A1), clone p018 contains a 248 bp BglII NsiI deletion (A2) and clone p022 contains a 130 bp NsiI SacI deletion (A,). From clones p013, p018 and p022, 2.0 kb SphI Sall fragments were isolated and used in cotransfection experiments with DNA of the wild-type strain Lain to obtain TK deletion mutants. (d) The 305 bp Sacl BarnHI fragment used as TK-specific probe for Southern blot analysis is indicated at the bottom. (Spear, 1993) . The gH gene is transcribed from the same strand as the TK gene and the putative TATA box of the gH-specific promoter overlaps the stop codon of the TK open reading frame. Hence, the coding region of the BHV-1 TK gene also overlaps cis-acting regulatory regions of the gH gene. Our aim was to construct a TK deletion mutant of BHV-1 that lacks TK activity but is unaffected in the expression of the flanking genes. An altered level of expression of these genes could lessen the growth potency of the virus, which is undesirable for the production of a vaccine.
Three TK deletions fragments were constructed. Each fragment lacked a different part of the TK coding region and had a frameshift with respect to the downstream part of the coding region (Fig. 2) . We cotransfected each TK deletion fragment with DNA of wild-type strain Lain into EBTr cells.
Potential TK deletion mutants were selected by growing the transfected virus on EBTr cells in the presence of AraT. Under AraT selection, wild-type BHV-1 forms small plaques, whereas viruses lacking TK form normal-sized plaques. About 3 % of the plaques had a normal size, indicating the loss of a functional TK gene. DNA of three potential TK deletion mutants was studied by Southern blot analysis (Fig. 4) . Isolates F121.1 (deletion A1), F123.1 (deletion A2) and F138.1 (deletion A3) lacked the wild-type BamHI fragment but contained recombined BamHI fragments of a predicted size. We concluded that the intended part of the TK gene was deleted from their genomes.
In vitro growth properties of TK deletion mutants
To compare the in vivo growth properties of the three TK deletion mutants and wild-type BHV-1, we infected MDBK cells with these viruses at an m.o.i, of 1 TCID+0/cell and determined the amount of virus produced after 16 and 24 h of infection. The three TK deletion mutants could be propagated to virus titres that 1-3 Fig. 3 . Southern blot analysis of DNA of three gE mutants and wildtype strain Lam. DNA of the gE mutant isolates 1B7, 1B8 and 2H10 and wild-type strain Lam was digested with PstI and the DNA fragments were separated on a 0.7% agarose gel and blotted on hybridization membrane. The membrane was probed with the 2.3 kb PstI-Dral gE deletion fragment (Fig. 1 c) . Because the probe overlaps the repeat region downstream of the gE gene, it also hybridized with a 1.3 kb PstI fragment that is located at the repeat border at the opposite end of the U s region. Lane l, isolate IB7; lane 2, isolate 1B8; lane 3, isolate 2H10; lane 4, strain Lam.
were similar to those of wild-type BHV-1 (about 10 s TCIDso/ml). To detect small differences in growth efficiency between the three T K deletion mutants, we performed an in vitro growth competition experiment. Virus mixtures consisting of the wild-type strain L a m and a T K deletion mutant or two T K deletion mutants were passaged at a high m.o.i, or at a low m.o.i. The ratio between both viruses present in each harvested virus mixture was determined by Southern blotting (Fig. 5) . After passage at low m.o.i., the wild-type strain Lain had overgrown T K deletion m u t a n t A2, whereas the T K deletion mutants A a and A 2 and T K deletion mutants A 3 and A s grew equally well together in vitro. We concluded that each of the three T K deletions was equally suitable for introduction into a vaccine strain. We arbitrarily chose the smallest T K deletion, A 3, for the construction o f a g E / T K double deletion mutant.
Construction of a g E / T K double deletion mutant
T o obtain a g E / T K double deletion mutant of BHV-1, we cotransfected D N A of the gE deletion fragment with 
Virulence and immunogenicity of the gE, TK and g E / TK deletion mutants
Compared to the calves inoculated with the wild-type strain Lam, the calves inoculated with the T K deletion mutant had fever and nasal lesions for a significantly shorter period (Table 1 ). The calves that were inoculated with the gE deletion mutant or g E / T K double deletion mutant, however, had no fever and had mild nasal lesions for only a short period. Moreover, the calves inoculated with the gE deletion mutant or g E / T K double deletion mutant shed virus for a significantly shorter period than the calves inoculated with the wild-type strain Lam. After challenge, fever a n d severe nasal lesions were f o u g d in the c o n t r o l calves (Table 2 ). In contrast, the calves i n o c u l a t e d with wild-type strain L a m or the gE, T K or g E / T K deletion m u t a n t s h a d n o fever a n d h a d hardly a n y nasal lesions. T h e period of nasal virus s h e d d i n g of the calves i n o c u l a t e d with one of the m u t a n t viruses was significantly shorter t h a n that of the control calves, b u t was significantly longer w h e n c o m p a r e d to * Each group consisted of six calves. t The wild-type was strain Lam; the gE deletion mutant was isolate 1B7; the TK deletion mutant was A 3 (isolate F138.1); the gE/TK double deletion mutant was isolate 3D11.
The arithmetic mean (_+S.D.) of the number of days per calf; the L.S.D. (P = 0"05) values were 0-5, 0"9 and 1.7 days for fever, nasal lesions and nasal virus shedding respectively. the calves i n o c u l a t e d with wild-type strain L a m . F u rthermore, the calves i n o c u l a t e d with the T K deletion m u t a n t shed virus for a significantly shorter period t h a n the calves i n o c u l a t e d with the g E / T K d o u b l e deletion m u t a n t a n d there were n o significant differences in nasal virus shedding by calves i n o c u l a t e d with the gE or g E / T K deletion m u t a n t s .
Discussion
In this study, we c o n s t r u c t e d a gE deletion m u t a n t a n d g E / T K d o u b l e deletion m u t a n t o f BHV-1 to o b t a i n a BHV-1 strain suitable for i n c l u s i o n in a m a r k e r vaccine. T h e gE gene was chosen as a m a r k e r a n d b o t h the gE a n d T K genes as targets to a t t e n u a t e the virus. T o r e m o v e all gE epitopes that m i g h t i n d u c e a n a n t i b o d y response against gE a n d to avoid the emergence o f revertants, the c o m p l e t e gE o p e n r e a d i n g frame was deleted f r o m the viral genome.
We examined the virulence and immunogenicity of both the gE and TK single deletion mutants and the gE/TK double deletion mutant in calves, to observe the effect of each deletion separately and in combination. The results were unexpected. The single gE deletion reduced the virulence of BHV-1 in calves more strongly than was predicted, based on the virulence of gE deletion mutants of other alphaherpesviruses. A gE-negative mutant of SHV-1 is attenuated in pigs, but some residual virulence is still left (Kimman et al., 1992a) and agE deletion mutant of HSV-1 also has some residual virulence in rabbits (Ktidelovfi et aI., 1991) and mice (Rajc~ini et al., 1990a) . The deletion of the complete gE open reading frame from the BHV-1 genome could have affected the expression of the genes flanking gE, causing additional attenuation.
The expression of the genes located upstream of the gE gene was probably not affected by the gE deletion. The gE gene is flanked upstream by the gI gene. In the 470 bp region between the open reading frames of gE and gI, a polyadenylation signal sequence is found (G. M. Keil, personal communication). Because the 5' border of the gE deletion is located 265 bp downstream of this polyadenylation site, the deletion probably did not affect the transcription units located upstream of the gE gene.
The expression of the BHV-1 homologue of the US9 gene of HSV-1, which is located in the 0.7 kb region downstream of the gE gene, might be affected by the gE deletion. In HSV-1 and SHV-1, the gE transcripts are polyadenylated downstream of the US9 gene, at the same site that a monocistronic transcript for the US9 gene is polyadenylated (Davison & McGeoch, 1986; Kost et al., 1989) . Preliminary data indicate a similar transcription of the gE gene and US9 gene of BHV-1 (F.A.M. Rijsewijk, unpublished results). Hence, expression of US9 was possibly changed by the deletion of the gE open reading frame. However, recent data show that a gEnegative mutant of BHV-1, caused by a frameshift mutation, was also avirulent in calves (M. J. Kaashoek, unpublished results) , supporting the view that the observed reduction in virulence of the gE deletion mutant was due to the inactivation of the gE gene.
Our TK deletion mutant was not reduced in virulence as much as the TK-negative mutant of BHV-1 described by Kit et al. (1985) . They observed no fever and no clinical signs in calves that were intranasally infected with a BHV-1 TK mutant. The TK deletion mutant that we selected caused some fever and nasal lesions in the infected calves. Gilliam et at. (1993) also observed fever and clinical signs in calves that were intranasally infected with BHV-1 TK mutants. The additional reduction of virulence of the TK mutant of Kit et al. (1985) might be due to the selection method that was used to propagate it (Kit & Qavi, 1983 ).
Both the gE single deletion mutant and the gE/TK double deletion mutant were avirulent. To obtain an avirulent BHV-1 strain, the introduction of a TK deletion into the genome of the gE deletion mutant could be omitted. The attenuation caused by the gE deletion alone was sufficient to produce an avirulent strain.
The single gE and TK deletion mutants and the gE/TK double deletion mutant conferred clinical protection against challenge exposure. The calves developed no fever and hardly any nasal lesions. However, shedding of challenge virus could not be prevented. The TK deletion mutant reduced viral shedding slightly better than both the gE and gE/TK deletion mutants. The gE and gE/TK deletion mutants were equally immunogenic because they reduced the viral shedding equally well.
In conclusion, this study shows that both the gE gene and TK gene are involved in the expression of virulence of BHV-1 in calves. The deletion of the gE gene alone produced an avirulent BHV-1 strain that was highly immunogenic. Recent studies show that gE of BHV-1 has good marker protein properties: it induces a rapid and long lasting antibody response in cattle and is probably expressed in every field strain (Rijsewijk et al., 1993b) . Therefore, both the single gE deletion mutant and the double gE/TK deletion mutant are suitable for use in BHV-1 marker vaccines.
